Introduction
============

MicroRNAs (miRNAs) are small (19--24 nt) non-coding RNAs involved in post-transcriptional regulation in living cells by targeted hydrolysis of mRNAs or its translation inhibition.[@R1] The maturation of miRNA starts with processing of primary non-coding transcript (pri-miRNAs) into 60--70 nt pre-miRNA hairpins by nuclease DROSHA/DGCR8.[@R2]^,^[@R3] Upon transport into the cytoplasm pre-miRNAs are further cut by RNase III-like enzyme DICER1 into miRNA/miRNA\* duplexes.[@R4]^,^[@R5] Finally one strand of the miRNA/miRNA\* duplex is loaded onto an Argonaute (AGO) protein within RNAi induced silencing complex (RISC).[@R6]^-^[@R8] An Argonaute associated miRNA binds to complementary regions within targeted mRNA what leads to either AGO-mediated endonuclease cleavage of the mRNA or a reduction in translation efficiency.[@R9]

The regularity of miRNA sorting into distinct AGO proteins in mammalian cells is poorly understood. Early reports indicated that miRNAs are randomly sorted to individual Argonautes.[@R10]^,^[@R11] However, RNA-sequencing of AGO1, AGO2 and AGO3 associated miRNAs revealed that some miRNAs can have a certain bias toward particular Argonaute.[@R12]^,^[@R13] Furthermore, it remains unclear whether the average efficacy of miRNA loading is equal between different AGO proteins. To our knowledge application of qPCR-based methods for addressing differential miRNA sorting across distinct human AGO proteins were not reported so far. In this study we employed TaqMan Low Density miRNA Arrays and individual qPCR miRNA assays to profile miRNA following immunoprecipitation (IP) of AGO1 and AGO2 proteins from lysates of MCF7 human breast adenocarcinoma cells and MCF10a mammary epithelial cells. Our findings confirm that no significant bias in miRNA association toward particular AGO exists for most of the miRNAs. However, several miRNAs clearly demonstrated preferential association with certain AGO protein. We further discuss the possible mechanisms and implications of differential AGO sorting of certain miRNAs.

Extracellular miRNAs have recently been detected in human blood plasma and other body fluids as nuclease resistant entities and proved themselves as promising biomarkers for broad spectrum of human diseases including cancer.[@R14]^-^[@R20] Furthermore, hundreds of publications regarding diagnostic potential of circuiting miRNA have appeared in the past four years indicating a significant interest in this emerging field. However, the cellular origin of circulating miRNA in the blood plasma remains largely unclear. More importantly, there is little information whether blood cells contribution to the plasma miRNAs is significant and whether miRNAs from blood cells may mask cancer-derived miRNAs.

Previous studies have indicated that extracellular miRNAs in blood plasma co-immunoprecipitates with anti-AGO2 antibody and remain stable for long time after cell death due to the unusual stability of AGO2 protein in nuclease-rich environment.[@R21]^,^[@R22] The fact that expression of the four human AGO proteins is cell type and tissue specific led us to hypothesize the existence of distinct miRNA-AGO profiles in human extracellular body fluids. In consistence with our hypothesis, we observed a dramatic lack of correlation between AGO1 and AGO2 associated miRNA profiles in blood plasma indicating that different tissues and cells contribute to the extracellular miRNA content. Furthermore, we had shown that AGO-specific miRNA profiles in blood cells and plasma do not correlate for most of the miRNAs. Whether AGO-specificity of miRNA profiles might add additional value for biomarkers for diseases and/or organs damage remains to be elucidated.

Results
=======

AGO1 and AGO2 miRNA profiles in cultured cells
----------------------------------------------

To estimate patterns of miRNA association with AGO1 and AGO2 proteins we used monoclonal anti-AGO1 and anti-AGO2 antibodies to immunoprecipitate the corresponding Argonauts from lysates of MCF7 breast adenocarcinoma cells and analyzed the miRNA content in each immunoprecipitate using TaqMan Low Density miRNA Arrays (TLDA) from Applied Biosystems. Both antibodies recognized the corresponding proteins specifically on western blots and did not show any cross reactivity with other AGOs (data not shown). Moreover, successful use of the same anti-AGO1 and anti-AGO2 clones in coIP experiments has been consistently reported.[@R13]^,^[@R23] Well proven antibodies for AGO3 and AGO4 proteins were not available at the time when the work was performed. More importantly, AGO3 and AGO4 mRNAs and proteins are expressed in dramatically lower level comparing to AGO1 and AGO2 in many cell types including MCF7 cells ([**Fig. S1**](#SUP1){ref-type="supplementary-material"}). Therefore, we concentrated our analyses only on AGO1 and AGO2 proteins.

According to TLDA results AGO1 and AGO2 miRNA profiles generally showed good correlation in MCF7 cell line ([Fig. 1A](#F1){ref-type="fig"}; [**Fig. S1**](#SUP1){ref-type="supplementary-material"}). Out of 667 different miRNA species on the array 141 miRNAs were consistently detected in both biological replicates. Criteria for any miRNA being "detected" were: (1) Ct \< 32 in either AGO1 or AGO2 immunoprecipitate; (2) no or at least 4 Ct values higher signals on negative control). Such cut-off parameters were chosen because we experienced difficulties in detecting miRNA with Ct \> 32 in pre-amp TLDA using individual TaqMan miRNA qPCR assays. Out of 141 miRNAs 14 miRNAs were biased toward AGO1 \[ΔCt (AGO1-AGO2) ≤ -1\], 8 miRNAs were preferentially associated with AGO2 \[ΔCt (AGO1-AGO2) ≥ 1\] and 119 miRNAs were detected in approximately equal amounts in both AGO1 and AGO2 immunoprecpitates \[-1 ≤ ΔCt (AGO1-AGO2) ≤ 1\] ([Table 1](#T1){ref-type="table"}; [**Fig. S2**](#SUP1){ref-type="supplementary-material"}). We have further verified several miRNA species using individual TaqMan qPCR miRNA assays (for miR-16, miR-21, miR-24, miR-27a, miR-222 and miR-331--3p) ([Fig. 1B](#F1){ref-type="fig"}). The rationale for choosing these miRNA species for were: (1) relatively low Ct values on pre-amp TLDA (17--25); (2) miR-27a, miR-222 and miR-331 were significantly enriched in AGO1 immunoprecipitate; (3) miR-21 was among AGO2-biased miRNAs while miR-16 and miR-24 were approximately equally AGO1 and AGO2 dispersed (see criteria above). The difference in AGOs association of six selected miRNAs was consistently observed in three independent replicates not only in MCF7 but also in MCF10a ([Fig. 1C](#F1){ref-type="fig"}; [**Fig. S3**](#SUP1){ref-type="supplementary-material"}). This indicated that the observed differences in AGO1--AGO2 miRNA profiles were not MCF7 cell line specific.

![**Figure 1.** Association of miRNAs with endogenous AGO1 and AGO2 proteins in MCF7 cells. (A) Correlation plot showing Ct values of miRNA signals detected in anti-AGO1 and anti-AGO2 pellets using TaqMan Low Density miRNA Arrays (TLDA). Note, the high correlation coefficient indicate low bias in binding toward AGO1 and AGO2 proteins for most miRNAs. (B) Ct values of the miRNA species on TLDA which were selected for verification with individual qPCR assays. (C) Individual TaqMan miRNA Assays of miR-16, miR-21, miR-24, miR-27a, miR-331 and miR-222 in anti-AGO1, anti-AGO2 and anti-α-tubulin (control) immunoprecipitates from MCF7 cells. Spiked in cel-miR-39 was used as control for isolation efficiency in all samples. Data are presented as Ct values normalized on both cel-miR-39 and the mean Ct of \[miR-16, miR-21, miR-24, miR-27a, miR-331 and miR-222\] within each sample (quantile normalization). Each bar represents mean + SD of three independent experiments. (D) Estimation of average miRNA association with each AGO protein. The means of Ct values of miRNAs in either anti-AGO1 or anti-AGO2 samples detected on the array (left) were compared with the relative content of AGO1 and AGO2 proteins detected by western blot (right) in the same immunopellets. To account for the difference in anti-AGO1 and anti-AGO2 antibody efficiency on western blot, equal amounts of recombinant FLAG-AGO1 (pAGO1) and FLAG-AGO2 (pAGO2) proteins were applied on the SDS gel. Note, the content of AGO1 protein in the anti-AGO1 coIP pellet was lower as compared with AGO2 protein in anti-AGO2 coIP pellet (\~2,5 times as analyzed by densitometry). Accordingly, the observed difference in the mean Ct values between AGO1 and AGO2 coIP pellets corresponded to approximately 2,5 times difference in the total miRNA content.](rna-9-1066-g1){#F1}

###### **Table 1.** TaqMan Low Density miRNA Arrays data on miRNAs significantly enriched in either anti-AGO1 or anti-AGO2 coIP pellets

  miRNA                     Ct AGO1      Ct AGO2      ΔCt (AGO1-AGO2)   Pre-miRNA strand
  ------------------------- ------------ ------------ ----------------- ------------------
  hsa-miR-27a-4373287       22,7108326   25,6429944   -2,932161805      3p
  hsa-miR-331--3p-4373046   21,0664601   23,9169649   -2,850504805      3p
  hsa-miR-7--1\*-4381118    25,6456706   28,4489174   -2,803246805      3p
  hsa-miR-223--4395406      28,9383351   31,6983179   -2,759982805      3p
  hsa-miR-222--4395387      22,0658651   24,3264319   -2,260566805      3p
  hsa-miR-671--3p-4395433   26,4881046   28,4872449   -1,999140305      3p
  hsa-miR-744--4395435      24,7962121   26,4697534   -1,673541305      5p
  hsa-miR-30e\*-4373057     23,5356746   24,9752734   -1,439598805      3p
  hsa-miR-526b\*-4395494    29,2333581   30,6153529   -1,381994805      3p
  hsa-miR-30a\*-4373062     24,9439171   26,2166564   -1,272739305      3p
  hsa-miR-301b-4395503      27,3119716   28,5231709   -1,211199305      3p
  hsa-miR-328--4373049      23,9407611   25,0871804   -1,146419305      3p
  hsa-miR-101--4395364      26,6729960   27,8188929   -1,145896804      3p
  hsa-miR-345--4395297      22,6739915   23,7664224   -1,092430804      5p
                                                                         
  hsa-miR-200b-4395362      23,3568091   22,2788469   1,077962195       3p
  hsa-miR-7--4378130        27,8013806   26,7211454   1,080235195       5p
  hsa-miR-21--4373090       18,4337241   17,3231909   1,110533195       5p
  hsa-miR-20b-4373263       24,2134021   23,0771789   1,136223195       5p
  hsa-miR-20a-4373286       20,6647581   19,5261814   1,138576695       5p
  hsa-miR-590--5p-4395176   24,7511536   23,6107949   1,140358695       5p
  hsa-miR-106a-4395280      19,8540316   18,6838149   1,170216695       5p
  hsa-miR-17--4395419       19,7704171   18,4849974   1,285419695       5p

Upper row^--^miRNAs that are preferentially AGO2 associates are SENSE miRNAs. Lower row, miRNAs that are preferentially AGO1 associated are ANTISENSE miRNAs.

Both AGO1 and AGO2 proteins were detectable in the immunoprecipitates obtained from MCF7 cells on western blot ([Fig. 1D](#F1){ref-type="fig"}). To estimate relative levels two Argonautes it their corresponding immunoprecipitates we used equal amounts of FLAG-AGO1 and FLAF-AGO2 proteins to account for the difference in anti-AGO1 and anti-AGO2 staining efficiency. The precise quantification of miRNA binding to AGO1 and AGO2 (e.g., using mass spectrometry) was beyond the scope of this paper. However, the content of AGO1 protein in anti-AGO1 precipitates was approximately 2.5 times lower as compared with AGO2 protein in anti-AGO2 pellets (as analyzed by quantification of bands intensities relative to reference controls on western blot). In the same IP samples the means of TLDA Ct values were 22.1 and 20.9 for AGO1 and AGO2 respectively, what corresponds to approximately 2.4 times difference in miRNA content between the immunoprecipitates. We, therefore, conclude that the efficacy of miRNAs binding to the AGO1 and AGO2 proteins was approximately equal.

According to the previous report, several miRNA species analyzed after immunoprecipitatation of exogenously overexpressed epitope-tagged human AGO proteins did not show any bias toward either AGO1 or AGO2.[@R10] In our hands the differences in miRNAs association with exogenously overexpressed AGO1 and AGO2 were not as evident as for endogenous AGOs when the content of miR-16, miR-21, miR-24, miR-27a, miR-222 and miR-331--3p was analyzed in anti-FLAG immunoprecipitates obtained from MCF7 cells overexpressing FLAG-AGO1 and FLAG-AGO2 proteins (data not shown). However, as the expression of exogenous Argonautes was drastically higher (8--7 Ct values less; \~256--128 times more) as compared with endogenous Argonauts what might be far beyond the physiological conditions.

We next addressed the question whether any particularities in miRNA structure can determine preferential binding to AGO1 and AGO2 proteins. Surprisingly, miRNA which were significantly biased toward AGO1 protein (see criteria above) derived mostly from the antisense strand of the corresponding pre-miRNAs while AGO2-biased miRNAs were mostly from sense strands ([Table 1](#T1){ref-type="table"}; [**Fig. S2**](#SUP1){ref-type="supplementary-material"}). Thus, 7 out of 8 Ago2--biased miRNAs with ΔCt (AGO1-AGO2) \> 1 were 5p-miRNAs, while among 14 AGO1-biased miRNAs \[ΔCt (AGO1-AGO2) \< -1\] 12 derived from 3′-strands of the corresponding pre-miRNAs (3p-miRNAs). Since those miRNA species which showed no bias toward one of the AGO were both 5p and 3p miRNAs, the sense-antisense strand selectivity was not the only requirement for preferential AGO1 or AGO2 association.

AGO1 and AGO2 miRNA profiles in blood plasma
--------------------------------------------

Unlike in cultured cells, human blood plasma AGO1 and AGO2 associated miRNAs profiles were very distinct ([Fig. 2A](#F2){ref-type="fig"}; [**Fig. S4**](#SUP1){ref-type="supplementary-material"}). Among 43 miRNAs detected on the arrays 19 (44%) were enriched in anti-AGO1 immunoprecipitates \[ΔCt (AGO1-AGO2) ≤ -1\], 16 miRNAs (37%) showed bias toward AGO2 \[ΔCt (AGO1-AGO2) ≥ 1\] and 8 miRNAs were detected in approximately equal amounts in both immunoprecpitates \[-1 ≤ ΔCt (AGO1-AGO2) ≤ 1\]. In another biological replicate (blood plasma from different individual) among 30 detected miRNAs 12 miRNAs (40%) and 13 miRNAs (43%) were AGO1 and AGO2 biased respectively ([**Fig. S4A**](#SUP1){ref-type="supplementary-material"}). The correlation in miRNA content between samples from two different individuals was average (R^2^ = 0.61 for AGO1 immunoprecipitates and R^2^ = 0.75 for AGO2 immunoprecipitates) ([**Fig. S4C and D**](#SUP1){ref-type="supplementary-material"}). Moreover, some miRNA species were uniquely present in the plasmas of particular individual ([**Fig. S4C and D**](#SUP1){ref-type="supplementary-material"}). The results were further verified using individual TaqMan qPCR miRNA assays for miR-16, miR-21, miR-223 and miR-451 ([Fig. 3A](#F3){ref-type="fig"}). These miRNA species were chosen due to their relatively low Ct values/high abundance in blood plasma what makes them stable detectible using individual miRNA assays. Additionally, these miRNAs were highly correlated between two different blood plasmas. In consistence with arrays data, significantly higher amounts of miR-16 and miR-451 were detected in AGO2 immunoprecipitates while miR-223 and miR-21 content was higher in AGO1 pellets as analyzed in three biological replicates ([Fig. 3A](#F3){ref-type="fig"}). In general, lack of correlation between AGO1 and AGO2 bound miRNAs in blood plasma can be attributed to the fact that the different cell types and tissues/organs which contribute to circulating miRNA in plasma express AGO proteins in different proportions (and at the same time exhibit tissue specific miRNA profiles).

![**Figure 2.** TaqMan miRNA Low Density Arrays performed on total RNA extracted from anti-AGO1 and anti-AGO2 immunoprecipitates of blood plasma (A) and whole blood pellet (B). Blood plasma (80 μL) was combined with 20 μg the antibody. Blood pellet lysate (5 μL) combined with 3 μg of the antibody. MiRNAs which were undetected on the array (Ct \> 32) were assigned Ct values of 40. Note, (1) some miRNAs were presented exclusively in the coIP pellets of particular AGO protein; (2) unlike in blood plasma, in blood pellet overwhelming majority of miRNAs were AGO2 associated.](rna-9-1066-g2){#F2}

![**Figure 3.** (A) miRNA species in the blood plasma which showed significant bias toward either AGO1 (miR-21, miR-223) or AGO2 (miR-16, miR-451) proteins on TaqMan Low Density miRNA Array (above) and their verification with individual miRNA qPCR assays (below) in three independent experiments; (B) The same miRNA species demonstrated drastically different AGO1/AGO2 distribution in whole blood pellet: TLDA (above), individual qPCR assays (below). Data presented as Ct values normalized on cel-miR-39 and miR-16. Each bar represents mean + SD of three independent experiments (samples from different individuals). (C) The ΔCt (AGO1-AGO2) graph of miRNAs detected in both blood plasma and blood pellet. Note, for most of the miRNA there is no correlation of ΔCt (AGO1-AGO2) between plasma and pellet; (D) western blot analysis of AGO1 and AGO2 proteins in anti-AGO1 and anti-AGO2 coIP samples respectively. Note, unlike AGO2 protein, the amount of AGO1 in the immuprecipitate was below the detection limit.](rna-9-1066-g3){#F3}

It is worth noticing that blood samples were immediately processed and a second high-speed centrifugation step was applied in order to receive cell and cell-debris free plasma. This has been shown to be critical when analyzing circulating miRNA since blood cells miRNAs can significantly contaminate plasma if not processed properly.[@R24]^-^[@R27]

AGO1 and AGO2 miRNA profiles in blood pellet
--------------------------------------------

Blood cells constitute about 45% of total blood volume and thus could be major contributors to extracellular plasma miRNA. To test this hypothesis we investigated if AGO1 and AGO2 associated miRNAs in plasma parallels the corresponding profiles in whole blood pellet. MiRNA from blood pellets (the red blood pellet + buffy coat remained after centrifuging the whole blood at 1.300 g) was co-immunoprecipitated using either anti-AGO1 or anti-AGO2 antibody. The data obtained in two independent replicates indicated that, as in blood plasmas, in blood pellets the AGO1 vs. AGO2 binding miRNA profiles did show poor correlation for most miRNAs ([Fig. 2B](#F2){ref-type="fig"}; [**Fig. S5**](#SUP1){ref-type="supplementary-material"}). However, in blood pellet a very strong, almost exclusive association of miRNAs with AGO2 was observed. Out 129 miRNA species only 27 were detected in AGO1 immunoprecipitates while 129 miRNAs were present in AGO2 pellets (for another biological replicate−41 and 126 respectively out of 128 detected miRNAs). Furthermore, AGO2 bound miRNAs had drastically lower Cp values as compared with miRNAs in AGO1 precipitates. Only 1 (0,8%) miRNA was enriched in anti-AGO1 immunoprecipitates \[ΔCt (AGO1-AGO2) ≤ -1\], 127 (98%) miRNAs showed bias toward AGO2 \[ΔCt (AGO1-AGO2) ≥ 1\] and 1 miRNA was detected in approximately equal amounts in both immunoprecpitates \[-1 ≤ ΔCt (AGO1-AGO2) ≤ 1\]. In another biological replicate (blood pellet from different individual) 2 (1,6%) and 116 (91%) miRNAs were AGO1 and AGO2 biased respectively while 10 miRNAs showed approximately equal AGO1/AGO2 distribution ([**Fig. S5**](#SUP1){ref-type="supplementary-material"}).

The correlation coefficients (R^2^) of miRNAs for two independent blood pellets were 0.71 and 0.88 for AGO1 and AGO2 immunoprecipitates respectively and several miRNAs were uniquely present in the blood pellet of a particular individual ([**Fig. S5C and D**](#SUP1){ref-type="supplementary-material"}).

The observed difference in miRNA amount between the AGO1 and AGO2 immunoprecipitates is also reflected by dramatically higher concentration of AGO2 protein in the blood pellet as compared with AGO1. In contrast to AGO2 protein we failed to detect any amounts of AGO1 protein in whole blood pellet on western blots ([Fig. 3D](#F3){ref-type="fig"}). Interestingly, a few miRNAs including miR-223 had similar Cp values in AGO1 and AGO2 immunoprecipitates suggesting that those miRNAs are predominantly AGO1 bound (provided that the amount of AGO1 protein is dramatically lower in the blood pellet as compared with AGO2). The difference in AGO1 vs. AGO2 miRNA content in blood pellets was further verified using four individual TaqMan qPCR miRNA assays for miR-16, miR-21, miR-223 and miR-451 in three biological replicates ([Fig. 3B](#F3){ref-type="fig"}). Importantly, the Ct values of miRNAs immunoprecipitated with anti-AGO2 antibody from 80 μL of blood plasma were \~10--15 Ct values higher than for miRNAs immunoprecipitated from as little as 5 μL of blood pellet. Such huge difference in miRNAs content in the blood pellet vs. plasma should be taken into account when isolating blood plasma for miRNA analysis. Obviously, a disruption of even a small number of blood cells (e.g., hemodialysis) can contaminate blood plasma with irrelevant miRNAs. This hypothesis is also confirmed by Kirschner et al., who demonstrated that the plasma levels of miR-16 and miR-451 (miRNAs which are present in red blood cells) showed huge variation in samples with the signs of hemolysis. In the absence of hemolysis the levels of both miR-16 and miR-451 were sufficiently constant to serve as normalizers.[@R27] Our observation that human erythrocytes (\~99% of cells in the blood pellet) contain large quantity of miRNA was also demonstrated before,[@R26]^,^[@R28] however, the fact that most of it is AGO2 associated was unexpected.

Differential AGO1 and AGO2 miRNA profiles in blood plasma and blood pellet
--------------------------------------------------------------------------

Another important observation was that many miRNA species which were highly presented in blood pellet was not detected in the blood plasma and vice versa ([**Figs. S5 and S6**](#SUP1){ref-type="supplementary-material"}). Among those miRNAs which have been detected in both blood plasma and blood pellet the correlation of their ΔCt (AGO1-AGO2) values was absent for the majority of miRNAs ([Fig. 3C](#F3){ref-type="fig"}). Only 14 out of 43 miRNAs showed similar ΔCt (AGO1-AGO2) in both plasma and pellet. We verified the content of miR-146a, one of the miRNAs which demonstrated reverse correlation of ΔCt (AGO1-AGO2) in blood plasma (ΔCt = -1.34) and in the pellet (ΔCt = 10.24). Consistently, in blood plasmas from different individuals miR-146a was enriched in AGO1 IP samples while in the blood pellets it was predominately AGO2 bound ([**Fig. S6**](#SUP1){ref-type="supplementary-material"}). Therefore, some miRNAs in the plasma do not derive from blood cells under normal conditions (no disruption of blood cells). It is likely that different organs and cell types (especially those having high contact with the blood) contribute to the extracellular miRNA content. For instance, miR-122 constitutes about 75% of all miRNAs in human liver and its amount in the blood plasma is elevated after liver injury.[@R15]^,^[@R29] We consistently detected miR-122 in AGO1 precipitates obtained from blood plasmas with Cp values of \~28 while in the blood pellets miR-122 was not detected ([**Figs. S4 and S5**](#SUP1){ref-type="supplementary-material"}).

Discussion
==========

The regularity of the association of human AGO proteins with different miRNAs is poorly understood. Intracellular binding of several investigated miRNA species was found to be unbiased toward exogenously overexpressed Argonautes in early reports.[@R10]^,^[@R11] However, sensitive qPCR methods for miRNA detection and quantification were not available at that time. Deep sequencing of total RNA extracted from endogenous human AGO1, AGO2 and AGO3 immunoprecipitats revealed that miRNAs associate with approximately equivalent efficacy with three Argonauts, however, with few exceptions.[@R12]^,^[@R13] In accordance with the[@R13] study we found miR-222 to be associated predominantly with AGO1. We measured the relative amount of miRNAs in anti-AGO1 and anti-AGO2 immunoprecipitates using qPCR based techniques in MCF7 and MCF10a cells. We confirmed that on average miRNAs associate with AGO1 and AGO2 proteins with equal efficacy. However, our observation that many miRNA species were significantly biased toward particular AGO proteins were unexpected. We further noticed that AGO1-biased miRNAs were predominantly (but not all) 3p (derived from antisense strand of corresponding pre-miRNA), while AGO2-biased miRNAs were mostly 5p (derived from sense strand of pre-miRNA). Our data also indicate that majority of miRNAs associate with AGO1 and AGO2 proteins indiscriminately of their sequence. Importantly, only AGO2 possess target RNA cleavage activity while AGO1, AGO3 and AGO4 are only capable to guide translational repression. Interestingly, the degree of complementarity between the miRNA/miRNA\* strands defines how miRNAs are sorted into AGO1 and AGO2 proteins in *D. melanogaster*.[@R30]^,^[@R31] However, in our experiments both AGO1 and AGO2 biased miRNAs shared similar patterns of sequence complementarily (as judged by miRNA/miRNA\* predicted structures available at [www.mirbase.org](http://www.mirbase.org)*).*

Differential expression levels of four human AGO proteins in different cell lines may point to further complexity of regulation of RNA silencing in a cell-type specific manner.[@R13] Thus, the analysis of the protein and mRNA levels of endogenous Argonauts in several cell lines have indicated similar content of AGO1 and AGO2 but drastically lower level of AGO3 and AGO4. Furthermore, the efficacy of AGO3 and AGO4 overexpression using recombinant constructs in cell lines were dramatically lower than of AGO1 and AGO2 on both mRNA and protein level.[@R10]^,^[@R32] It is therefore conceivable that AGO3 and AGO4 mediated miRNA pathway do not play significant role in somatic cells.

Unlike in mammalian cells, the difference in miRNA sorting into distinct AGO proteins has been consistently shown in fruit fly and *C. elegans*. In *D. melanogaster*, most mature miRNA sequences associate with AGO1 while most antisense miRNA\* sequences either degraded or associate with AGO2.[@R33]^,^[@R34] In *C. elegans*, distinct miRNA associate with different AGO-like proteins.[@R35]^,^[@R36] Our observation that in human cells AGO1 and AGO2 biased miRNAs derived mostly from 3p (antisense) and 5p (sense) strands of pre-miRNA respectively may indicate on the presence of selective sorting mechanism for some miRNAs in mammals which is yet to be studied in more details.

Extracellular circulating miRNA had been recently found in human body fluids and hold great promise as a new class of diseases biomarkers due to their high stability in nuclease rich environment.[@R14]^,^[@R22] It has been recently shown that most of the circulating miRNA in blood plasma is microvesicles free and bound to Argonaut proteins.[@R21]^,^[@R22] However, little is known about the origin of circulating miRNAs and what factors may influence levels of circulating miRNA biomarkers. Previous studies also demonstrated that at least some miRNAs are likely to originate from different blood cells.[@R26]^,^[@R27] Since blood cells including erythrocytes constitute about 45% of total blood volume we hypothesized that they can be the main contributors to miRNA in plasma. However, unlike in blood plasma, the miRNA content in AGO1 immunoprecipitates obtained from whole blood cells fraction was dramatically lower than in AGO2 immunoprecipitates. This can be explained by the fact that AGO2 protein is present at significantly higher levels in the blood pellet as compared with AGO1. Furthermore, most AGO2 associated miRNAs in blood pellet and plasma did not correlate on a whole-profile level. Our notion that blood cells (presumably erythrocytes only) are packed with AGO2-associated miRNA strongly support a recent report indicating that procedures disrupting blood cells (e.g., hemolysis) alters plasma miRNA level significantly and masks diseases derived miRNAs.[@R26]^,^[@R27] We suggest that immunoenrichment using anti-AGO1 antibody may help to reduce the masking of the "true" disease-derived miRNA.

Leukocytes and platelets together constitute less than 1% of total blood volume and it remains to be tested whether they can significantly impact the profile of extracellular plasma miRNA. However, blood plasma has more extensive contacts with other cell types of the body (e.g., liver, spleen, and kidney) than it has with leukocytes and platelets. Therefore, it is unlikely that white blood cells and platelets are the major contributors to extracellular miRNA content in normal conditions. Furthermore, since the expression of four AGO proteins is tissue specific[@R37]^-^[@R39] differential profiles of AGO1 and AGO2 associated miRNAs in blood plasma, observed in our experiments, support a multi-organ origin of circulating miRNA.

The observation that particular miRNA can be simultaneously enriched or depleted across two AGO proteins suggest that blood plasmas have not only their miRNA signatures, but also miRNA-AGO signatures. For instance, during cytotoxicity in particular tissue or organ having high expression of particular AGO protein, an elevated level of miRNAs associated with the corresponding AGO can be anticipated. Whether individual miRNA-AGO profiles can be of any use for molecular diagnosis of diseases (besides total miRNA profiles) remains to be elucidated. Emerging data consistently suggest that other two human Argonautes--AGO3 and AGO4 are expressed at dramatically lower levels in most organs and tissues.[@R37]^-^[@R39] Thus, it is conceivable that blood plasma miRNA are predominantly AGO1 and AGO2 associated. However, germ-line cells express relatively high quantities both AGO3 and AGO4 mRNA.[@R38] Therefore, elevation of AGO3 and AGO4 level in the blood plasma (or other body fluids) may indicate cytotoxicity or cancer in these organs.

Materials and Methods
=====================

Cell culture and transfection
-----------------------------

All cell lines were obtained from the American Type Culture Collection (ATCC). Human MCF7 breast adenocarcinoma cells were grown in αMEM supplemented with 10% FBS, 1% non-essential amino acid and penicillin/streptomycin at 37°C in 5% CO~2~. Human MCF10a cells were grown in DMEM/F12 supplemented with 5% Horse Serum, 20 ng/mL EGF, 0.5 mg/mL Hydrocortisone, 10 μg/mL Insulin, 100 ng/mL Cholera Toxin and penicillin/streptomycin. For the overexpression of AGO proteins HEK 293FT cells (maintained in DMEM, 10% FBS, 1% non-essential amino acid and penicillin/streptomycin) were transiently transfected with pIRESneo-FLAF-HA-Ago1 or pIRESneo-FLAF-HA-Ago2 using Turbofect transfection reagent (Fermentas) according to the manufacturer's protocol. Next day after transfection cells were lysed in either Laemmli loading buffer or Qiazol reagent and used for western blot analysis. For the immunoprecipitation experiments \~5 × 10^6^ cells were lysed in 1 mL of Lysis/Wash buffer containing 1% NP.

### Collection of human blood, plasma and blood cell pellet

EDTA-Blood was collected from healthy donors and processed for plasma isolation immediately after collection. The total blood was centrifuged at 1.300 g for 20 min at 10°C and the plasma was immediately replaced into the new tube. To remove any cells and cell-debris blood plasma was further centrifuged at 16.000 g for 30 min before co-immunoprecipitation and RNA isolation. For a single immunoprecipitation reaction 80 μL of blood plasma were used. The blood pellets remaining after the 1.300 g centrifugation step, consisted of the red blood cells fraction and the intermediate buffy coat (leucocytes and platelets), were thoroughly mixed to achieve the homogenous distribution of different blood cells in the pellet. Blood pellets were lysed in 9V of Lysis/Wash buffer containing 1% NP, cleared by the centrifugation at 16.000 g for 10 min and 50 μL of the lysate (corresponds to 5 μL of total pellet) were used per immunoprecipitation reaction. This study has been approved by the ethics committee, Heidelberg, Germany.

### Immunoprecipitation

Immunoprecipitation of miRNA was performed using monoclonal anti-AGO1 (clone 4B8, Sigma) and anti-AGO2 (clone 11A9, Sigma) produced in rat using Pierce Classic IP kit (Thermo Scientific). Antibody to α-tubulin (Sigma) was used in control samples. To form AGO/anti-AGO complexes, 300 μL (600 μg) of MCF7 cells lysates or 50 μl of blood cells lysates were combined with 3 μg of antibody and incubated overnight at +4°C. Blood plasma (80 μL per reaction) was combined with 20 μg of antibody and incubated overnight at +4°C. To capture the immune complexes, 20 μL Pierce Protein A/G Agarose suspended in 300 μL of IP Lysis/Wash buffer was added to the antibody/lysate samples and incubated for 2 h on a shaker at RT. The A/G Agarose resin was washed two times with 1 mL of IP Lysis/Wash buffer, lysed in 700 μL of Qiazol and processed with the miRNeasy kit (Qiagen) as described below.

### Isolation of MicroRNAs

Isolation of miRNA from protein A/G Agarose was performed using miRNeasy kit (Qiagen). Briefly, 700 mL of Qiazol reagent were added to immunoprecipitates, mixed by vigorous shaking for 10 sec and incubated for 10 min at RT to ensure complete dissociation of nucleoprotein complexes. Then, (1) 5 pg of synthetic miRNA-39 from C. elegans (cel-miRNA-39) was added as a spike-in control for miRNA isolation efficiency; (2) 1.2 μL of Glycogen (10 mg/mL) were added to enhance the efficiency of RNA column binding. After addition of 140 μL of chloroform, the mixture was vigorously shaken for 45 sec and allowed to stand for 5 min at RT. Following the centrifugation at 16.000 g for 20 min total RNA was precipitated from the upper (aqueous) phase by the addition of 1.5 V of 100% ethanol. Purification of extracted total RNA was performed with miRNeasy columns (Qiagen) according to the manufacturer\'s instructions. RNA was eluted in 50 μL of RNase-free water.

### miRNA profiling

The content of miRNA in anti-AGO1 and anti-AGO2 immunoprecipitates was profiled using stem-loop RT-PCR based TaqMan Human MicroRNA Arrays (Applied Biosystems). The arrays represent 667 mature miRNAs and miRNAs\* present in the Sanger miRBase v12 in a two-card set of arrays (Array A and B). RT-PCR reactions were performed according to the manufacturer\'s instructions. Briefly, total RNA (3 μL per reaction) was reverse transcribed using the TaqMan miRNA Reverse Transcription Kit (Applied Biosystems) in combination with the stem-loop Megaplex primers pool sets A and B in total volume of 7.5 μL. The reverse transcription cycling conditions were: 40 cycles of 16°C for 2 min, 42°C for 1 min and 50°C for 1 sec. Megaplex RT products were further pre-amplified using TaqMan PreAmp Master Mix and Megaplex PreAmp primers (Applied Biosystems). Briefly, 2.5 μL of the Megaplex RT products were mixed with 2.5 μl of Megaplex PreAmp Primers (pool A or B) and 12.5 μl TaqMan PreAmp Master Mix in a 25 μl PCR reaction. The pre-amplification cycling conditions were 95°C for 10 min, 55°C for 2 min and 75°C for 2 min followed by 12 cycles of 95°C for 15 sec and 60°C for 4 min. The pre-amplified cDNA was diluted with ddH~2~O to 100 μl and 10 μl of diluted cDNA was used in each plate for real-time PCR reactions. RNA isolated from blood pellet immunoprecipitates was not pre-amplified. The expression profiles of miRNA were acquired using TaqMan Low-Density Arrays. Briefly, quantitative real-time PCR was performed on Applied BioSystems 7900HT thermocycler using the manufacturer's recommended cycling conditions. Cycle threshold (Ct) values were calculated with the SDS software v2.3 using automatic baseline settings with an assigned minimum threshold of 0.2. Those miRNAs that showed close Ct values (ΔCt \< 4, on the negative control samples arrays were removed from the analysis. TaqMan Array experiments on MCF7 cells lysates were performed using two biological replicates (lysates from two independent passages) and selected miRNA species (miR-16, miR-21, miR-24, miR-27a, miR-222, miR-331) were verified using individual TaqMan miRNA Assays (Applied Biosystems) in three independent biological replicates (lysates from three independent passages). Raw Ct values from two replicates were quantile normalized. TaqMan Array experiments on blood plasmas and blood pellets were performed using two independent samples (different individuals) and shown separately in [**Supplemental Material**](#SUP1){ref-type="supplementary-material"}. Selected miRNAs (miR-16, miR-21, miR-223, miR-451) in immunoprecipitates from blood pellets and blood plasmas were verified on three independent replicates using individual TaqMan miRNA Assays (Applied Biosystems).

### Quantitative real-time PCR

A fixed volume of 5 μl of total RNA from 50 μL eluates obtained after RNA isolation was used as an input into a reverse transcription (RT) reaction. The levels of mature hsa-miR-16, hsa-miR-21, hsa-miR-24, hsa-miR-27a, hsa-miR-222, hsa-miR-223, hsa-miR-331, hsa-miR-451 and cel-miR-39 were measured using individual TaqMan microRNA Assays (Applied Biosystems) according to the manufacturer's instructions with minor modifications. All Ct values were normalized on cel-miR-39 signals to account for difference in isolation efficacy. Reverse transcriptase reactions contained 5 μL of purified total RNA, 50/N nM stem--loop RT primers (where N is a number of analyzed miRNAs), 1 × RT buffer, 0.25 mM each of dNTPs, 3.33 U/µl MultiScribe reverse transcriptase and 0.25 U/µl RNase inhibitor. RT reaction had final volume of 15 µL were incubated for 30 min at 16°C, 30 min at 42°C, 5 min at 85°C and then held at 4°C. RT product was further diluted six times with RNase-free water. Real-time PCR was performed using Taqman Universal PCR Master Mix. A 10 µL PCR reaction included 2 µl of diluted RT product, 1x TaqMan Universal PCR Master Mix (Applied Biosystems) and 1x of the corresponding miRNA assay primers. The reactions were incubated in 384-well plates at 95°C for 10 min, followed by 50 cycles of 95°C for 15 ses and 60°C for 1 min. All reactions were run in duplicate. Real-time PCR was performed using the LightCycler 480 Real-Time PCR System (Roche). Data was analyzed with the LightCycler 480 software (Roche), determining the threshold cycle (Ct) by the second derivative max method.

### Western blot analysis

Pellets from obtained after immunoprecipitation with anti-AGO1 or anti-AGO2 antibody or HEK 293FT cells transfected with pIRESneoAGO1 or pIRESneoAGO2 were lysed in Laemmli loading buffer (250 mM Tris--HCl pH 6.4; 2% SDS; 100 nM b-MeEtOH), separated SDS-PAGE and transferred to nitrocellulose membranes. Membranes were blocked in Odyssey blocking buffer (LI-COR) for 1h at RT. Incubation with rabbit polyclonal anti-FLAG (Sigma), rat anti-AGO1 (clone 4B8, Sigma), rat anti-AGO2 (clone 11A9, Sigma) or mouse anti-α-tubulin (Sigma) was performed at 4°C overnight in a 1:1000 dilution. After incubation with the primary antibody, membranes were washed twice in 1 × PBST for 10 min and incubated for 1h at RT with infrared fluorescent goat anti-rabbit or goat anti-mouse IgG diluted in blocking solution. Membranes were washed four times for 10 min in PBST and signals were then acquired with Odyssey infrared imaging system (LI-COR).

Conclusion
==========

In this work we confirmed that in human cells the efficiency of miRNA binding toward AGO1 and AGO2 is similar for most miRNAs. However, many miRNA species demonstrated clear bias toward one of the Argonautes. Furthermore, we observed a dramatic difference in AGO1 and AGO2 associated miRNA profiles in blood plasma. The lack of correlation between AGO1 and AGO2 miRNA content in the plasma can be explained by the fact that many tissues contribute to the extracellular miRNA content. Unlike in blood plasma, in blood cells almost all miRNAs were AGO2 bound suggesting that plasma miRNA is unlikely to derive mostly from blood cells. The cells fraction of the blood is heterogeneous and dominated by red blood cells. Moreover different cell types have different lifetime in the blood. This can explain the very low correlation between AGO1 and AGO2 bound miRNAs in the whole blood. We hypothesize that individual AGO profiles of extracellular miRNA can be used as biomarkers for diseases and/or organs damage.
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